Our previous studies have found that euhermaphrodite-phase shrimp of Lysmata secrete both distance and contact sex pheromones, unique among the shrimp. To gain a better understanding of the chemo-sensory system of shrimp, we studied the setae on the first (antennules) and second antennae of four species of Lysmata, which represent the two social groups (low and high densities) and three distinct external morphological patterns (peppermint shrimp, scarlet lady shrimp, and fire shrimp) in the genus. There were four types of setae in the four species: aesthetascs, denticulate setae, and two types of simple setae. Aesthetascs are only distributed on the proximal lateral antennular flagella, while the other three setae are located on the antennules and the second antenna. Aesthetascs are believed to be olfactory organs in detecting soluble chemical signals, especially for male-female communication during mating, while one or more of the other three setae are responsible for detecting contact pheromones. Lysmata boggessi and L. wurdemanni, peppermint shrimp that live in aggregations, possess significantly higher number of aesthetascs than pair-living species of L. amboinensis (scarlet lady shrimp) and L. debelius (fire shrimp), suggesting a possible correlation between the aesthetasc number and social environment. Sexual dimorphism in the aesthetasc number is found in L. boggessi and L. wurdemanni, with significantly higher numbers in the male-phase shrimp than in the euhermaphrodite-phase shrimp.
INTRODUCTION
Decapod crustaceans have numerous types of sensilla distributed on the two pairs of antennae that are responsible for detecting environmental signals. Many are bimodal chemo-mechanosensilla, e.g., hair peg sensilla (Schmidt, 1984) and hooded sensilla (Cate and Derby, 2002) . The only reported unimodal chemosensilla distributed on the lateral antennular flagella (first pair of antennae) of many decapods are the aesthetascs (Spencer and Linberg, 1986; Michel et al., 1991) . These are believed to play a key role in detecting chemical signals for intraspecific recognition, especially for male-female communication during mating (Kamio et al., 2005; Zhang and Lin, 2006) . Removal of the aesthetascbearing antennular flagella resulted in mating failure (Cowan, 1991; Bamber and Naylor, 1996; Kamio et al., 2005; Zhang and Lin, 2006) . Antennal sensilla types vary among decapod crustaceans. Some species have a complex sensilla system. For example, the Caribbean spiny lobster Panulirus argus (Latreille, 1804) possesses 10 types of sensilla on the antennules ). Morphology of some sensilla, such as aesthetascs, in clawed lobsters of the genus Homarus (Shelton and Laverack, 1970; Guenther and Atema, 1998) and spiny lobsters of the genus Panulirus ) have been well described. However, data from shrimps are limited to only a few species of Penaeidae (Foxton, 1969; Chen and Sun, 1992) , Sergestidae (Ball and Cowan, 1977) , and Caridea (Zeng et al., 2004; Bauer, 2006) . In this paper, we describe types of antennular sensilla and their distribution in the four species of marine caridean shrimp Lysmata: L. boggessi Rhyne and Lin, 2006, L. wurdemanni (Gibbes, 1850) , L. amboinensis de Man, 1888, and L. debelius Bruce, 1983. Species in the genus Lysmata present an ideal model system to study the way in which different behaviors and sensory systems respond to social environment. Those shrimps are protandric simultaneous hermaphrodites, which is an unusual system amongst decapod crustaceans (Bauer, 2000) . A shrimp matures initially as a functional male with male external characteristics and may later change to the euhermaphrodite-phase (EP) (termed female-phase by Bauer and colleagues) with both male and female functions. Generally, male-phase (MP) shrimp pass through transitional phases to become EP, as external male characteristics gradually disappear (Zhang and Lin, 2005) . There is a distinct dichotomy in the sociobiology of the species of Lysmata. Low density/pair-living species. e.g., L. amboinensis, L. grabhami (Gordon, 1835), and L. debelius, are tropical, specialized fish cleaners; while group-living species, e.g., L. boggessi, L. seticaudata, and L. wurdemanni, are sub-tropical and temperate with an unspecialized, facultative fish cleaning behavior (Wirtz, 1997; Fiedler, 1998) . Mating behavior of L. wurdemanni (Bauer and Holt 1998; Zhang and Lin, 2004) and L. boggessi (Zhang and Lin, 2006) is different from that of L. amboinensis (Zhang et al., 2007) . Male mating tactics in L. wurdemanni and L. boggessi can be classified as pure searching, since they are continuously ''on the prowl'' for a receptive female (Correa and Thiel, 2003) . When one is encountered, copulation occurs almost immediately after a brief interaction (Bauer and Holt, 1998; Zhang and Lin, 2004) . Unlike L. boggessi and L. wurdemanni, male-role shrimp of L. amboinensis do not actively search for parturial female-role shrimp (Zhang et al., 2007) . What causes the mating behavioral differences between the two groups is unknown. We hypothesized that the species in low density group bear fewer aesthetascs than those in high density group, because shrimp bearing lower number of aesthetascs may capture fewer number of signal molecules (Beltz et al., 2003) . Within a species, sexual dimorphism of chemosensors has been found in many crustaceans (reviewed by Hallberg et al., 1997) . For example, male copepods generally possess more and larger aesthetascs (Boxshall and Huys, 1998) . In this study, we compared the number of aesthetascs between the sexes to determine whether sexual dimorphism of chemosensors also occurs in the species of Lysmata.
Morphologically the genus Lysmata can be divided into three distinct groups, peppermint shrimp (L. boggessi and L. wurdemanni), scarlet lady (L. amboinensis and L. grabhami), and fire shrimp (L. debelius). The four species selected for this study represent the two social groups and three morphological groups. Peppermint shrimp live in high densities, scarlet lady and fire shrimp live in low density or pair-bonded situations.
Mating behavior of L. boggessi and L. wurdemanni is mediated by both distance and contact pheromones (Zhang and Lin, 2006) . Male-role shrimp depend on distance pheromones to find pre-molt EP shrimp, and recognize newly molted EP shrimp with contact pheromones coated on the exoskeleton (Zhang and Lin, 2006) . A series of antennal ablation tests indicated that aesthetascs on the lateral antennular flagella are responsible for detecting distance pheromones and sensilla located on both antennae and antennules for detecting contact pheromones (Zhang and Lin, 2006) . In this study, possible chemosensilla for detecting contact pheromones were identified.
MATERIALS AND METHODS
Lysmata boggessi and L. wurdemanni were collected from Florida Keys, Florida, U.S.A. L. amboinensis and L. debelius that were originally imported from Bali, Indonesia were purchased from local pet stores. The shrimps were housed in 20-liter buckets (L. boggessi and L. wurdemanni) and 120-liter tanks (L. amboinensis and L. debelius) with flow-through seawater of 35& salinity and 25.5-26.58C temperature. A photoperiod of 14 h light and 10 h dark was maintained by a fluorescent light source. The shrimps were fed with frozen adult Artemia twice daily. EP shrimp of L. boggessi and L. wurdemanni [7.2-8.5 mm carapace length (CL)] and of L. amboinensis and L. debelius (10.0-12.0 mm CL), and MP shrimp of L. boggessi and L. wurdemanni (5.2-7.2 mm CL) were used for the study. No MP L. amboinensis and L. debelius were used due to difficulty of obtaining the specimens. L. amboinensis, EP L. boggessi and L. wurdemanni were similar in age (7-8 months old) at the sizes used (unpublished data). L. amboinensis starts changing sex from MP to EP at about 8.6 mm CL (about 30 days old) (unpublished data), and L. boggessi and L. wurdemanni change sex at about 6.0 mm CL (about 25 days old) (Lin and Zhang, 2001 ; unpublished data). The relationship between age and size, and size at sex change for L. debelius is unknown. Similar sizes of L. debelius and L. amboinensis were used as we assume that the size at sex change would be similar between these two pair-living species.
The lateral antennular flagella and the antennae were cut into three pieces. The specimens were fixed overnight in 70% ethanol, dehydrated in a graded alcohol series and then transferred to absolute acetone. Tissues were mounted on holder, and coated with gold. Scanning electron micrographs of each flagellum were captured digitally. Types and distribution of setae on the flagella were identified from these micrographs. For each sexual phase of each species (except for MP L. amboinensis and L. debelius), three shrimp were observed.
For light microscopy, we collected shrimp molts and observed antennules with an Olympus compound microscope. Fifteen shrimp of L. debelius and 30 shrimp of the other three species were examined, and the number of aesthetascs of a lateral flagellum on each row and number of the rows were counted. Either the right or left lateral flagellum was used, because there is no difference in the number of aesthetascs between the two. Data were expressed as means 6 SD. One-way ANOVA was used to compare the number of aesthetascs in the EP shrimp among the four species. A Welsch step-up procedure was employed to compare the means if the ANOVA result was significant. A Student t test was used to compare the number of aesthetascs between the sexes within a species. Data were log-transformed before ANOVA and t test if homogeneity (F max -test) of variance was violated (Sokal and Rohlf, 1995) .
RESULTS

Morphology of Antennular Flagellum
The lateral antennular flagella of the species of Lysmata are composed of four segments, three of which are on the basal portion (Fig. 1) . The fourth antennular segment bifurcates into two flagella that are composed of up to 300 annuli. The medial flagellum is 2-3 mm shorter than the lateral one. For all four species, both antennular flagella are roughly 1.3 times the total length of the shrimp, whereas the second antennae are about 1.7 times the total length of the shrimp. The lateral antennular flagella have two distinct portions: 1) aesthetasc zone which is located proximally and 1/12-1/15 of the lateral flagellum length for L. amboinensis and L. debelius, and 1/10 for L. boggessi and L. wurdemanni; and 2) non-aesthetasc region.
Setal Types and Their Distribution
Figure 2 summarizes the setal types on the antennules and second antennae of the four species. Four setal types were identified on the distal segment: 1) denticulate, 2) slim simple, 3) simple with a large tip, and 4) aesthetascs. The medial antennular flagella and the second antennae only possess the first three setae. There is no difference in morphology of four types of setae among the four species, or between the sexes. Type 1.-These are denticulate on one side and with a beaklike opening at the tip (Fig. 2C, 2D ), 20-40 lm long 3 2-3 lm diameter; articulate within a socket with/without scalelike cover, depending on whether located with other type 2 and type 3 setae (Fig. 2B ) or located singly (Fig. 2C) . Type 1 setae are distributed on the entire antennules and the second antennae, and mostly located on the connection place of two annuli.
Type 2.-These are slim, smooth with a pore at the tip (Fig.  2B, E) ; 30-40 lm long 3 1-2 lm diameter. They are adjacent to type 1 setae (Fig. 2B ) and are mainly distributed on the entire antennules and the second antennae but seldom on the proximal part (aesthetasc-bearing region) of the lateral antennular flagella.
Type 3.-These are smooth, with the distal part expanded (Fig. 2B, F) and a pore at the tip (Fig. 2G) ; 30-40 lm long 3 2-3 lm diameter. They are adjacent to type 1 and type 2 setae (Fig. 2B ) and are mainly distributed on the entire antennules and the second antennae, but none on the proximal part (aesthetasc region) of the lateral antennular flagella.
Starting from the tip, each annulus distal to the connection of two annuli bears 3-8 type 1 setae (increase with increasing segment diameter), and 0-3 type 2 and type 3 setae, except about one third of distal part where setae are distributed on every other segment. Setae are longer on the distal portion than on the proximal part, but more number on the proximal part than on the distal portion.
Type 4 (aesthetascs) (Fig. 2H) .-These are 100-800 lm long 3 9-20 lm diameter and are present on the proximal part of the lateral antennular flagella. Aesthetascs are multiannulate and cylindrical shaft (Fig. 2H, I ). Length of the aesthetascs is the shortest on the most proximal part of the distribution region, intermediate in the distal part, and longest in between. No hole at the tip was found.
Aesthetasc Number Major quantitative characteristics of the lateral flagellum are summarized in Table 1 . One-way ANOVA indicates that there is a significant difference (P , 0.05) in the number of rows of aesthetascs and total aesthetasc number among the four species. Welsch step-up procedure reveals that there is a significant difference (P , 0.05) between the species of the two social groups (L.boggessi and L. wurdemanni vs. L. amboinensis and L. debelius), and no significant difference (P . 0.05) between the species in the same social group, i.e., between L. boggessi and L. wurdemanni or between L. amboinensis and L. debelius. The flagella of MP L. boggessi and L. wurdemanni possess significantly higher (Student t test, P , 0.05) total number of aesthetascs than those of the EP shrimp. Also, in L. boggessi and L. wurdemanni, MP shrimp possess significantly higher number of rows of aesthetascs and number of aesthetascs per row than EP shrimp (Student t test, P , 0.05) ( Table 1 ). In addition, aesthetasc numbers of MP shrimp are more variable than those of EP shrimp (Table 1) .
DISCUSSION
This investigation has revealed that there are four types of setae on the first and second antennae of the four species of Lysmata. All four types are present on the lateral antennular flagella whereas the medial antennular flagella and the second antennae possess all types of setae except aesthetascs. The four species represent the two social and three morphological groups of Lysmata; L. boggessi and L. wurdemanni, which live in aggregation, possess significantly higher number of aesthetascs than pair-living species of L. amboinensis and L. debelius, suggesting a possible correlation between the aesthetasc number and social environment. The number of aesthetascs in MP shrimp is significantly higher (with more variations) than in EP shrimp in L. boggessi and L. wurdemanni, suggesting a sexual dimorphism of chemosensilla in the species of Lysmata.
The variation in type and general morphology of sensors is high within decapods. In several other caridean shrimps, two simple setae are identified on the second antennae (Bauer, 2006) . Three to four types of setae have also been found in Penaeidae (Foxton, 1969; Chen and Sun, 1992) and seven types in Sergestidae (Ball and Cowan, 1977) . The array of setal types on the antennae is complex in clawed lobsters (Guenther and Atema, 1998) and spiny lobsters , where more than seven types are identified; this stands in contrast to the species of Lysmata where we found only four types. Besides morphology of aesthetasc and simple seta, no antennular setae in the species of Lysmata are similar as in other species of decapods. For example, the Caribben spiny lobster, Panulirus argus, has guard setae, companion setae, asymmetric setae, hooded setae, plumose setae, setuled setae , and those are absent in species of Lysmata. Functional advantages of multiple sensors have been proposed . Having an extensive variety of sensors enables an animal to detect different sensory stimuli and aids in the discrimination of these stimuli, and even maintains chemoreceptive ability when the antennule is damaged . For example, partial antennular damage is common in wild P. argus (Harrison et al., 2001) . In case of partial damage, other setae with similar function could compensate for carrying out the function. Light condition, water current, feeding habit, diurnal vertical migration probably determine the evolution of the sensory variety and morphology (Ball and Cowan, 1977) .
Distribution patterns of aesthetascs on the antennular flagella show pronounced variations among the crustaceans and may be associated with living habits, such as encountering rate with other animals including conspecifics and interspecifics. Aesthetascs are distributed on the distal part of the lateral flagella in crayfishes and lobsters (Guenther and Atema, 1998; Cate and Derby, 2001 ), but on the proximal part in many shrimp (Chen and Sun, 1992; Shenoy et al., 1993 ; this study). Aesthetascs located on the distal portion of the antennules should be more effective in detecting signal than those on the base.
Of the setae found in decapod crustaceans, aesthetascs are considered the sensilla for recognizing olfactory signals, such as for food and mates Kamio et al., 2005) . The same function has also been identified in Lysmata (Zhang and Lin, 2006) . Removal of the lateral antennular flagella (where aesthetascs are located) of L. wurdemanni (Zhang and Lin, 2006) and L. boggessi (unpublished data) results in the males (MP or EP shrimp serving male role) not recognizing pre-molt parturial females. However, the males without the lateral antennular flagella still detect the newly molted females by the contact pheromones that coat the surface of the exoskeleton (Zhang and Lin, 2006) , suggesting that there are also chemosensilla for detecting contact pheromones that are distributed on the medial antennular flagella and the second antennae. One or more types of setae identified in this study should be responsible for detecting the contact pheromones. Whether these three sensors have another function, such as mechanoreception, should be investigated in the future.
External morphology of denticulate and slim simple setae of Lysmata shrimp is similar to that of several other caridean species (Bauer, 2006) . In Lysmata, an additional simple seta with an expanded distal part was identified (Fig. 2B, F) . Denticles of the denticulate setal type are small and dense, and are only located on one side of the setae (Fig. 2D) . In another caridean species, Macrobrachium ohione (Smith, 1874) , they are located on the whole body of the setae (Bauer, 2006) .
External morphology of the aesthetascs of the species of Lysmatais are similar to that of crabs (Fontaine et al., 1982) and lobsters (Guenther and Atema, 1998; Cate and Derby, 2001) , in which no hole was present at the tip of the aesthetascs, but different from that of Penaeidae, such as Penaeus chinensis (Osbeck, 1765) , where there is a hole at the tip of the aesthetascs (Chen and Sun, 1992) .
Information about the correlation between the olfactory system of decapod crustaceans and ecology is limited (Shenoy et al., 1992; Beltz et al., 2003; Ziemba et al., 2003) . In general, the number of aesthetascs decreases from marine, freshwater, to terrestrial species (Shenoy et al., 1992) . It has also been found that the number of aesthetascs is different between surface-and cave-dwelling species of crayfish (Ziemba et al., 2003) . The surface species bear a significantly higher number of aesthetascs per annulus and a greater density of aesthetascs towards the distal and terminus of the antennule (Ziemba et al., 2003) . In this study, we found that the number of aesthetascs in the low-density/pair-living species (L. amboinensis and L. debelius) is significantly lower than that in the high-density living species (L. boggessi and L. wurdemanni). Pair-living shrimp always stay together and are confined in a small habitat (Wirtz, 1997; Fielder, 1998) . They do not need to search for mates as those species living in aggregation do. Therefore high numbers of aesthetascs for detecting soluble chemical signals emitted by parturial EP shrimp may not be so important as in the peppermint shrimps. Another pairbond living shrimp, Stenopus hispidus (Olivier, 1811) , has a similar number of aesthetascs as L. amboinensis and L. debelius do (unpublished data), further suggesting that the number of aesthetascs is correlated with social environment.
Sexual dimorphism in olfactory sensilla has been found in some crustaceans (reviewed by Hallberg et al., 1997) . Male crustaceans may possess more and larger aesthetasc, even male-specific chemo-sensilla (Johansson and Hallberg, 1992; Shenoy et al., 1993; Ohtsuka and Huys, 2001) , because males are assumed to depend on these sensilla in mate recognition (Ohtsuka and Huys, 2001) . Aesthetasc numbers in MP L. boggessi and L. wurdemanni are also higher than in EP shrimp, although MP shrimp are smaller in size than EP shrimp. Aesthetasc number has been assumed to correlate with sensory input (Beltz et al., 2003) , so higher numbers of aesthetascs would capture more signals and/or increase the behavioral sensitivity with the same rate of speed of flicking of the antennal flagella. Difference in pre-copulatory behavior between MP and EP shrimp (Zhang and Lin, 2004) , and between the species of the two social groups (Zhang et al., 2007) may be explained by the variation in the aesthetasc number, although the flicking velocity of the antennal flagella impacts ordorant molecule capture by aesthetascs in crustaceans, such as mantis shrimp (Stacey et al., 2002) . Male-role shrimp with higher numbers of aesthetascs display more active precopulatory behavior than those with lower number (Zhang et al., in review) .
Variations in aesthetasc number in MP L. boggessi and L. wurdemanni are higher than in EP shrimp. Although shrimp size is partially responsible for the variation, aesthetasc numbers of the shrimp of the same/similar sizes are sometimes very different. The cause of this should be investigated to gain the insight of evolution of the mating systems in the species of Lysmata. 
